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Introduction
tional Fe, the activity of a cell surface Fe(III)-chelate For higher plants Fe is an essential nutritional element reductase was increased by at least 15-fold within that is required in micromolar concentrations. In spite of 24 h. This increase was negatively correlated with the its widespread abundance in the Earth's crust, Fe is Fe concentration in the growth media. Incubation poorly available in an oxidizing environment, which of cells in the presence of the Fe2+-specific chelafavours the formation of poorly soluble Fe(III )-oxides tor, bathophenanthrolinedisulphonic acid, led to an and -hydroxides at pH values above neutral. Nevertheless, increased Fe3+ reductase activity, even when suffiexcess Fe is toxic to the cells due to its ability to catalyse cient Fe was present. Growth of cells in Cu-free media the formation of reactive oxygen species such as superfor 48 h led to no statistically significant increase in oxide anions and hydroxyl radicals (Halliwell and Fe3+ reductase activity. The Fe(III)-chelate reductase Gutteridge, 1989) . activity in Fe-starved cells was saturable with an
In higher plants, two basic strategies for iron acquisiapparent K m of 31 mM and was inhibited by uncouplers tion have been observed (reviewed in Guerinot and Yi, of the transmembrane proton gradient but not by 1994). In grasses (Strategy II plants), Fe is taken up as SH-specific reagents.
a Fe(III )-phytosiderophore complex, and presumably in Fe uptake was only observed in Fe-deficient cells.
all other plants, a second mechanism (Strategy I ) is Uptake was specific for Fe in that a 100-fold excess employed, which involves soil acidification, formation of of a number of metal ions in the transport assay did lateral roots and specific transfer cells in the rhizodermis not inhibit uptake activity. However, a 100-fold excess as well as induction of an Fe(III )-chelate reductase and of Cu resulted in a 87% inhibition of Fe uptake. The of Fe2+ transporters (Moog and Brü ggemann, 1994) . In V max for Fe3+ reduction activity was 250-fold greater the rhizosphere of Strategy I plants, extracellular Fe(III )-than for Fe uptake; although the K m values for both chelates are reduced to Fe2+ which is subsequently transprocesses differed by only 10-fold. Thus, the rate limitported into the root cells (Chaney et al., 1972) either by ing step in Fe assimilation was transport and not iron-specific or non-specific divalent cation transporters reduction. These results indicate that Fe assimilation . in C. reinhardtii involves a reductive step and thus
The Fe(III )-chelate reductase (EC 1.6.99.13) in higher resembles the mechanism of Fe uptake in Strategy I plants is located on the root cell plasma membrane (Buckhout et al., 1989) . Attempts to purify the enzyme higher plants.
from tomato roots have resulted in a high enrichment Materials and methods of enzyme activity (Holden et al., 1994) chelate reductase activity (Delhaize, 1996 ; Yi and and constant illumination of about 100 mmol s−1 m2 photosynthetic active radiation in Erlenmeyer flasks. TAP medium . contained approximately 17 mM Fe, and the pH was adjusted
In Saccharomyces cerevisiae the mode of Fe assimilation to 7.0. Cell density was estimated by measuring the absorbance has been investigated in detail. Similar to Strategy I at 750 nm and using a calibration curve (Harris, 1988). plants, Fe uptake in yeast requires an Fe3+ reductase (Lesuisse et al., 1987) and a mutation in the FRE1 gene (Shatwell et al., 1996) that presumably and twice with double-distilled water before autoclaving. Cells catalyses the NAD(P)H-dependent single electron transfrom exponentially growing cultures were collected by centrifufer to Fe3+. However, the FRE1 gene product appears to gation at 2500 g for 3 min, resuspended in TAP medium without trace elements, and the cell density was determined. Cells were be only one component of an enzyme complex consisting incubated at 30°C in the presence of 200 mM Fe-HEDTA and of multiple subunits (Lesuisse et al., 1996) . 600 mM BPDS. After 5 and 10 or 8 and 16 min., the cells were Relatively little is known about Fe assimilation in green sedimented and the absorbance at 535 nm of the supernatant algae. Alnutt and Bonner (1987a, b) is reported that the mechanism of adaptation to uptake rates measured at 30°C. When Fe2+ uptake was Fe-deficiency stress by Chlamydomonas shares many feaanalysed, the assay contained 1 mM FeCl 2 , 1 mM HEDTA, 167 cpm ml−1 59FeCl 3 , and 16.7 mM ascorbic acid in uptake buffer.
tures typical of Strategy I. (Fig. 3B) . Induction of the reductase reductase activity (Fig. 1) , and this increase in activity was inversely correlated with the Fe concentration in the activity occurred only in Fe-deficient cells and was complete after 20-24 h (Fig. 3B) . Upon refeeding the irongrowth medium (Fig. 2) . Half-maximal stimulation was observed at approximately 0.7 mM Fe after 2 d of Fe starved cells with 10 mM FeCl 3 , the activity decreased within 3-4 h to control levels. When cells approached late exponential or stationary growth phase, the reductase activity typically decreased slightly. The response to Fe-deficiency of the cell wall-less mutant 83.81 has also been investigated with similar results to those of the wild type shown in Figs 1-3 (data not shown).
Physiology of the C. reinhardtii Fe(III)-chelate reductase
In Fe-deficient C. reinhardtii cells, the Fe(III )-chelate reductase activity had a broad optimum at pH 6.8-7.0 (data not shown) and exhibited Michaelis-Menten-like kinetics towards Fe(III )-HEDTA with an apparent K m of 31.5 (±2.3) mM and V max of 11 nmol×10−6 cells h−1 (K m $30 mM ) and a second was not saturated at 300 mM
The effect of ionophores and inhibitors on the Fe(III )-chelate reductase activity was tested following a 5 min pre-incubation as described in the (Fig. 4) . (Chaney et al., 1972) . In order to determine 40 h was only slightly affected by Fe deficiency (Fig. 5A ). whether C. reinhardtii cells possess a similar uptake mechanism, wild-type algae were grown for 2 d with or of the values at 17 and 27 h (n=2). was dramatic (Fig. 5B) . In an attempt to correlate increases in Fe(III )-chelate reductase activity with Fe uptake in C. reinhardtii, uptake of 55Fe or 59Fe in Fe-deficient and -sufficient 38.2±5.2 pmol×10−6 cells h−1 (data not shown). Uptake Chlamydomonas cells was investigated. In Fe-sufficient of Fe2+ was completely abolished by 20 mM FCCP, when cells, only low rates of Fe uptake were observed relative added 5 min before the uptake experiments, and as was to background, whereas Fe-deficient cells showed linear found for the Fe(III )-chelate reductase, PCMBS had no uptake rates for at least 20 min (Fig. 6) . The uptake rates effect on Fe transport (data not shown). Increasing the in Fe-deficient cells were approximately 20-22 pmol× pH from 6.0 to 7.0 by addition of TRIS resulted in an 10−6 cells h−1. This uptake activity corresponded to a approximately 20% inhibition of Fe uptake (data not c. 100-fold concentration increase of Fe from the medium shown). To analyse the substrate specificity of the transwithin 15 min, assuming an average, symplastic cell porter, the influence of metal cations on uptake was volume of 50 mm3 (Harris, 1988) .
tested. Fe2+ uptake was not greatly inhibited by a 100-fold To determine which species of Fe was transported, excess of Mg2+, Mn2+, Ni2+, Co2+ or Zn2+, but a radiolabelled FeCl 2 was maintained in the reduced form 100-fold excess of Cu2+ in the transport assay inhibited with ascorbate, and Fe2+ uptake was determined in Fe2+ uptake by 87% (Fig. 7 ). Cadmium and Ca2+ had a Fe-deficient cells ( Table 2 ). In Fe-sufficient cells, uptake stimulatory effect on Fe2+ uptake. rates were increased by approximately 2-fold when Fe was supplied as Fe2+ compared to Fe3+, and in
Interaction of Fe and Cu deficiency in Chlamydomonas Fe-deficient cells the uptake rate was increased by 64%.
Cu has been shown to inhibit Fe uptake in Fe-deficient To exclude effects of the reductase on Fe uptake, Fe was Chlamydomonas cell (Fig. 7) . In an attempt to determine supplied as FeCl 2 in the presence of ascorbate in all whether growth of Chlamydomonas in Cu-deficient media subsequent experiments.
would lead to increased Fe(III )-chelate reductase activity, The uptake of Fe2+ was concentration dependent with Cu2+ reduction was measured in response to Fe limitation an apparent K m of 3.75±0.65 mM and a V max of as well as Fe3+ reduction in response to Cu limitation. The results are summarized in Table 3 . The data show et al., 1996) , and Arabidopsis was increased by approximately 20%. The reduction of mutants have been described, one of which was defective Cu2+, however, increased about 60% in response to Fe in the induction of the Fe(III )-chelate reductase, but deficiency. These effects were not statistically significant which properly induced the H+-ATPase under Fe defiat the 95% confidence interval. The greatest increase in ciency ( Yi and Guerinot, 1996) . For Chlamydomonas, the Cu2+ reduction of nearly 100%, which was statistically physiological data presented above clearly demonstrate significant, was observed, when cells were grown under that Fe uptake occurs reductively. Upon Fe starvation, both Fe and Cu deficiency ( Table 3 ). The Fe2+ uptake the in vivo Fe(III )-chelate reductase was induced by rates under Cu deficiency were not significantly changed greater than 15-fold. In cells grown in sufficient Fe, a from those under Cu sufficient conditions (Fig. 8) . Thus, residual Fe3+ reductase was detected with an activity of under the experimental conditions employed, no dependbetween 0.2-1 nmol×10−6 cells h−1. The kinetic behavience of the Cu nutritional status on Fe2+ uptake was our of this constitutive activity with respect to substrate found.
concentration did not conform to a Michaelis-Mententype kinetic. Rather, the kinetics were biphasic with both Discussion a saturable and a non-saturable component. This activity may be analogous to a constitutive redox system on the The response to Fe deficiency in higher plants with the plant plasma membrane, designated as the 'Standard' exception of grasses involves acidification of the rhizoreductase (Lü thje et al., 1997). sphere, an increase in trans-plasma membrane electron
The Fe(III )-chelate reductase in Chlamydomonas was transport, the subsequent extracellular reduction of energy-dependent, since a CF 0 CF 1 -deficient mutant Fe(III )-chelates and the uptake of Fe2+ by Fe-regulated showed no induction, and the uncoupler FCCP strongly transporters (Guerinot and Yi, 1994) . On a molecular inhibited Fe3+ reduction; although, gramicidin was withlevel, however, the characterization of these processes has out effect. It is proposed that the higher mobility of only begun. An Fe-regulated cation transporter from FCCP depleted not only the plasma membrane potential but also the energy-supplying membrane potentials in the chloroplast and the mitochondria. In contrast to the findings in higher plants (Moog and Brü ggemann, 1994) , no sulphydryl groups appeared to be involved in the Fe(III )-chelate reductase activity in Chlamydomonas. The induction of the Fe(III )-chelate reductase activity under Fe deficiency occurred in parallel with the induction of Fe transport activity. The V max of the Fe(III )-chelate reductase in Fe-starved cells (9-11 nmol×10−6 cells h−1) was approximately 250 times greater than the V max for Fe uptake (38 pmol×10−6 cells h−1), while the K m values differed by only 10-fold. This indicated that the ratelimiting step in Fe assimilation was transport rather than conclusively between the uptake of Fe2+ and Fe3+, reducupon Fe deficiency, have been observed in higher plants, yeast and unicellular algae. However, in Chlamydomtase mutants or specific reductase inhibitors will be needed, or chelate-buffered solutions of Fe2+ with, for onas, several differences were observed. For example, no involvement of SH-groups was observed in example, Ferrozine need to be employed in further uptake studies (Fox et al., 1996) .
Chlamydomonas neither for Fe3+ reduction nor for Fe transport. Cadmium inhibited the Fe transport activity It has been observed in higher plants, unicellular algae and in yeast, that Cu and Fe metabolism were tightly of the Arabidopsis Fe-regulated transporter, but stimulated Fe transport in Chlamydomonas. The rate-limiting linked ( Welch et al., 1993; Klausner and Dancis, 1994; Holden et al., 1995; Hill et al., 1996) . In yeast and in C.
component in Chlamydomonas was clearly Fe2+ transport rather than Fe3+ reduction. Thus, it was concluded that reinhardtii, both Cu2+ and Fe3+ chelates have been reported to require reduction to be substrates for transFe uptake in Chlamydomonas occurred by a Strategy I-like mechanism; although, details of the uptake and port (Hassett and Kosman, 1995; Hill et al., 1996) . In yeast, Cu was an essential part of the functional oxidaseadaptation processes may be unique. permease complex ( Klausner and Dancis, 1994; Stearman et al., 1996) , which was required for high affinity Fe
